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¢ ymmary

Factors imiung the operation of r1 structures under high-gradient
conditions are described. Included are recent ri measurements at labora-
tories 1n Europe. Asia. and North Amenca iand how these measurements
relate to earlier data as exemphificd by the use of the Kilpatnick entenon
(Kp). Operation hnutzbons willcos er mechanical. geometns . thermal,
and surface coasiremts and the associated imnact on structure design.
fabricaton. and m~tenial selection Grenerally, structures operating con-
tunuouswas ¢ 100N duty factonrappeit 1o be imited 1o peah curface
fields at about 1w 1ce the Kalpatrick limie w hereas pulsed structures
operating with pulse lengths less than a miilisecond can attain peah
surtace ficlds five umes the Kilpainch hmat.

Introduction

Interest inoperating aceelerating soructuresaath high rf fields has been
drven by a number of rrasons ancluding those histed below.

o Shorter and smailer aceelerators

o Restricuons on avatlable space

o Impros ed performance. in particular for injectors

e Economics, particularly when beam powers exceed structure powers

® Heam-handling impros ements

¢ Efflicient ssstemuin terms of iemporal. operation. and response

charactenstics

If 500 MeV m acceleraung gradients were possible. a S0-GreVag-
celerator could be buth in 100 m compared 10 SOOO M required for typeal
10MeV/m currently as ilabie—a conuderable savings but at the ex-
pense of rf power and cooling

An understanding of the mechanisms and related factors fo; i ficld
breakdown in rf strectures could lead 10 impros ed operauon. the use of
preferred matenials. the selection of operatingenvironments. and the
ahihity to operate cconomically tand safey ) close toa well-selected chmee
of ssstem hmitations A detailed ins esugation of breakdown phenomena
could lead 10 a sutlicient understanding of the surface physics. chemisiry .
and m=tallurgy to make sighificant advancesin the state of our tech-
nology For these reasons, itis important thata muludiseiphnary ap-
proach be taken 1n the rescarch and development activities The overlap
intechnology exchange between superconducting and room-temperature
structure studies 1s just as important for both study arcas as it s for
studies of de and rt breahdown

For many vears the Kilpatnck limit' has been used to express mita-
tons inoperaung vl surtaces at vers high rf fields Kilpatnick analy zed
data asailable in the mid-fifties and determined a hmit at which there
was & high probatahiny of ficld breakdown or arcing between surfaces
Operation below this lesel would generalls be trouble free. Since then
vacuum systems hin ¢ impros ed and higher rf surface fields have been
achieved—factors of $ or better has ¢ been obvers cd. A sigmificont
improvement was the introduction of mil-free vacuum pumps. which
ehiminated the need for diffusion pumps and the avaociated ol con-
tamination of vacuum surfaces. Accelerator designers and operators talk
of g structure performing at " X umes the Apas a mechanism tor
companng data hetween different aceelerator groups and for difterent
frequency regimes The following formulia 1s a simphified reardening for
the case where the gap eflect 1s neghgible

IMHA = LodVE(MV/miespr K81

Above a surlace lield o | the probabihits of breahdown s high foran !
structure aperating at frequency £ ypeal valuesare 1 SMY 'man
10 M2 TS TMY mat 2 MHz 20MV - mat 432 MHz and S0
MV mat 3000 NTH T high fields nee required. ashigh a frequencs as
posaible should be chosen, subyect to the constraints of fabnication
(phy sical imatgniona ), avatlable rf power sources, and reqaired beam
dimensions for propegation and contanment of charged partide brams
1 he ot fields as alabie tor aceelerating charged particle beamaare
related 1o ks el suttace fickls by grometoe factors Proper desigh ol the
CAV I gec mietes s important for atamng gh fickls, assohe iequeney
chorce Attenhion should be pad o cooling the rf surtaces il degrndition

W orh wpported b U S Depaniment of | neigs

of performance 18 10 be av mded—dvegradation from increases in surface
temperature such as a loss of rt'e Ticienay o1 a change in physical
dimensions

Figure ' shows the regimes av ailable for operaung an rf structure
safely. Operation would be difficuit above the lines drawn for three
diflerent effects. The breakdown hmit will be the subject of the rest of this
paper. This imit1s the predominant effect up to about 30 GHz—below
which 1s the usual operating regime for accelerators. Abos ¢ this tre-
quency two other effects become dominant: a surface phenomenon
related 1o melung the i surface from the high rf currents induced in
seyeral sk, 1 depths of the cavity walls. and the formauon of plasma close
101k » surface.

This paper describes results obtained with room-1temperature sysiems
since the 1984 Lanac Conference Other papers at this conference de-
suribe the status of superconducting technology . Alsodeseribed s the
outcome of discusstons at a mini-workshop. organized by the author on
hmitatons to high surtace ficlds (SLAC. September 1985). Headiny
used below refer 1o the institution at which most of the work ook place
Because of space hmautations, work at some institutions will be men-
tioned brictly. other work notatall. To provide an overyiew of eflects
and technology status, specific topics have been highlighted.
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Fig. 1. Opersung imitanions versus wavelength.

Chalk River Nuclear Laboratory

Hutcheon et al ' performed a number of experiments with g 270-MH.
RFQ "Sparker™ cavity that was designed to determine cw imitations
The four-s ane geometn shown in Fig. 2 was instrumented for visual,
thermal. rf, and radiation measurements, High-power et was delinvered 1o
the structure with an rf loop that was locally compensated by adding
matenial around the peripheny of the couphing hole. Field umiornin
from quadrant to quadrant was within = Y as measured by standard
bead-null tecchmiques. The vanes and the outer walls were fabricated from
solid OFHC copper. with internal channels for flood cooling The atl-
brazed thydrogen furnace) structure attained W of the theoreticnl
value. The TE,,, quadrupole made frequency was 266.7 MHz a1 22 €
w.th ne coohing water flow (TH |, dipole modesat 270 8 and 264 XM HA
Note that the end wallvin Fig 2 were far removed from the vines o
ehiminate end-wall eflects A bakeout at 90 C, hmited by some ot the
atiached components, resulied .0 a background pressure o 10 P

Intial uperation resulted i s acuum eacursions 1o 10 Pawith i
“ghow points” visible on the sanes, not aliat the bighest field loca.
tions—some of them i fuctat relatively low fickd spots Grlow pointe,
became v inble ot the 1o 2-hW drive level, corresponding o abowt 14
w122 Kp Asrtdine leselvnereased. so did the numbet and hght
intensity from each glow point Some disappeared. some disappeaned
and reappeared. while others remained at what seemed 1o be the same
location ¢ are had been taken to ensure no contaminabon ol the REQ
compenenis by emploving suitable clean iechmgues dunng assembis
andainthal yacuum pump down Perb.aps some of the glow points were
associted with impunities, diclectng inclusions, ar other sutface im
pettections The situatnon lached some of the lagh-gquabis dean-toom
techmigues used for assembling supetconduciing structutes Impunties
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Fig. 2. Schemauc of RFQ sparker.

on surfaces of either superconducting or room-temperature devices can
lead 10 high field himitanions—the consequences for superconducting
structures being much more severe.

Because of the care taken during assemb'y and the procedures used
during rf field conditioning. the RFQ cavity reached high field operation
relatively quickiy. The catena employed wers the usual ones adopted by
most accelerator insiitutions: (1) vacuum excursions from surface break-
down were held 1o acceptable levels and (2) energy deposited on the
surfaces from a major breakdown arc was minimized by a quick shut.
down of the high-power rf system. The sequence followeg for first high-
power operation was a combination of pulsed (10 pps at 0.1 5-ms pulse
length) and cw operation. The initial 15 hours required to attain accep-
table high . -eld operation consisted of 2 hours pulsed to 1.6 * Kp. 2-1/2
hours cwto 1.3* Kp. 1-1/2 hourscw to 1.5 * Kp, 4 hours pulsed to 2 * Kp.
and 5 hours cw 10 2.2 * Kp. Durinug the following months, operation at
3*Kp pulsed (0.25-ms pulse length) and 2.3 * Kp cw (about 50 kW) was
routinely achieved. The shorter the pulse length, the higher the field that
could be sustained without significant breakdown. Some general
characteristics follow: 1-MHz frequency shift from no rfinput to cw
operation k1 2* Kp. 107 Pa vacuun, with rf fields, YSWR 1.17 overcou-
pled. and 9700 unloaded quality factor,

Vanes were inspected and cleaned with acetone, trichloroethane, and
ethanol afier several months of operation. Visual inspection showed no
signs of erosion, a significant change from what has been common with
most copper-plated surfaces. A critical inspection of the surface by
surface chemistry techniques showed no significan. change. Recondi-
tioning to high fields went much faster and 1t was observed that the
number of glow points decreased by about an order of magnitude. Some
of the glow points appeared to be at the same location as beforv—to
within the accuracy of the visual information stored on video tapes from
the TV camera system.

Temporal charactenistics of the light emitied during pulsed operation
were measured with a low.gain photomultiplier tube that was calibrated
off-line to have an 0.3-ms nse-time. At various rf power levels, the light
rise time (10 10 90% level) was 1.3 ms. independent of duty factor or pulse
length. The intensity remained constant to the end uf the rf pulse, at
which time the light decay ime (90 to 109 level) was 0.8 ms. These times
are much longer than the 8-us rise ime (10 10 90% level) for the rf fields
and are probably associated with thermal effecis. Figure 3 shows modula.
tion of the light output from a large frequency modulation excursion used
for this measurement only, by the automatic frequency control circuit
(100-Hz modulation about the resonant frequency). Emitted light 15 s
sensitive measure of cavity condit sns—compare the light to the cavity
quadrant probe of Fig 3. Figure 4shows the relative light intensity
measured as a function of the rf fields in the cavity. Note the steep
functional dependence and the onset atabout | * Kp.

Fig. 3. Modulation of light intensity (lower trace) and rf field 1n RFQ (upper
trace) at 29.9-kW cw operation
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Fig. 4. X-ray and light inteusity (measured outside of quartz window) versus
square root of input powe..

Light cutput can be used 1o determine a threshold for cavity oreak-
down. For any particular operation, a specific light intensity could be
determined that, it exceeded. would result in cavity arcing. independent
of pulse length. For pulse lengths greater than the 1.3-ms light rise time,
no rf pulse-length effects were observed—operation was essentialiy
limvited to that for cw operation. For pulse lengths shorter than 1.3 ms,
the peak rf field attained was related to the light threshold. Because of a
fixed light rise time, siorter rf pulses would require higher peak rf fields
to reach the light threshold level. This »fTect agrees with measurements
showing that higher peak surface fields can be sustained with shorter rf
pulse iengths.

Spectrometric measurements showed the emitted lighi had a continu-
ous blackbody radiation pattern (T ~ 1200 K). Measurements of
absolute light intensity and an estimate of the number of glow pointsy
indicated that the poinis were about | to 10 microns in diameter,
supporting the thesis that the points could be surface impunties, whis-
kers. discontinuities, or small imperfections. Heating could be from rf
displacement or electron emission curreniy.

Figure 4 shows x-ray dose rate (measured by a Baldwin.Farmer probe)
versus rf field level. A striking similarity 10 that of the light emission was
observed, indicating that both emissions must be related to the same
surface effects. X rays were generated by electrons accelerated from vane
to vane during the rf cycle. Electron transit time is short, leading to a
determination of the intervane voltage by measuring the end point of the
x-ray specirum. Rise and fall imes of the x rays were measured tobe 1.2
and C.2 my, respectively. Similar (o light emission, x-ray intensity was
independent of duty factor and pulse length when the pulse length
exceeded 1.2 my,

The etud point of the x-ray spectrum was measured by a germamium x-
ray spectrometer, an accurate method for determining vane-to-vane
voltages. hecause of the intens: radiation field generated, care had to be
taken to ensure that the detector and its electronics were not being
overloaded and that scattered radiaion was minimized at the detector



This method of measuring vanc voltages has been adopied by mest
insuitutions operating RFQ accelerators. Anavcerage 20-m A electron
current between vanes was esimated for operationat 1-3/4* Kp by
calibrating the germanium detector system off-hine with a similar
geometn anda 70-keV dc electron beam of known beam characternistics.

A microdischarge (small flash of hght betweea adjacent vanes) resulted
ina 2-pscollapse (9010 10%) of the rf ficlds. followed immediately by the
usual 8-us field nse ume. Each microdischarge had an approvimate 10-ps
loss of field tabout 2300 rf ey cles). which may be of significance to some
acceleralor scenartos.

Macrodischarges occurred randomly 1n time and random!y over the
length of the vane. Overjong (5-10 6-hycw ruas. the following micro-
discharge rates were observed tor the tully condinioned cay 11y —/00 h at
23*Kp 2 Fat2*Kpand. 4°hat 1-:3.3* Kp Detatled examination of
the via.o tapes indicated that many of the microdischarges occurred in
the region of the peak 11 ficlds and were either at orin the vicimty ot the
glow points Breakdow n.sparhing or arcing. was associated with a large
number of the microdischarges moving about the vane tipsinasustained
manner.

Other observations and measurements included

® Nonoticeable change in high-power operztion. as determined by

diagnosticdesices. when 0 3m A of 750-ke'V cw proton beam was
transmitted directy through the bore of the device or was directly
steered onto the vanes tetlectis ¢ beam impingement or beam loss
greater than Ama-'m)

¢ [ncreases in background pressure 1o 17 Pa produced no noticeable

change 1noperation for background gasesof N.. Ar. H,. orair. Al
pressuresabove 107 Pa. microdischarges and breakdown rates in-
creased dramatically. As the pressure increased from 10 *Pato

10°° Pa. n-ray field levels increased by about 20% except for the case
of nitrogen gas. for which a 28% decrease was observed.

University of Frankfurt

Most of the work** at the U'niversity of Frankfur has been done at
108 MHz using a coaxial A/4 resonator, shown in Fig. 5, thatemployed
two frequency tuners and two coaxial electrodes. one fixed and one
adjustable under vacuum. Electrodes were mechanically pohished and
ultrasonically cleaned 1n methanol. The rffield coupling loops were
calibrated by x-ray end-point encrgy from a germanium x-ray spec-
trometer. Visual observation was by meansofa TV camera. A quadru-
pole mass spectrometer was attached to the vacuum sysiem to measurc
background gas concentrations during high-power operation.
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Fig. § Schemsucofcosnal A/dresonator.d = 10em. D = 3Scm. and
L = 70cm.

UInder pulsed operation, ficld levelsto 4* Kp were achieved without
sparking for pulse lengthsup to | ms(duty factor to $%). Under cw
conditions. field levels were limited to 2.4 * Kp. Breakdown volinge was
dependent on gap wirdth when the gap was small enough 10 consider gap
effects.’

Figure 6 shows the 7-cm-dian planc electrode measurements. As pulse
length decreased, higher breakdown voltages (U in k V based on a rate of
an arc/m) could be sustained. Operation at pulse lengths longer than
several ms had an equiibrium level similar to that of cw operation,
Smalicr gapu supported lower fields. The larger the gap. the closer the
operation to Kp. Background vacuum pressure had hittle effect to
6> 10 'Pa,

A comparision of electrode operation demonstrated that a
20.mm-diam cyhindnical electrode sustained a voltage (0.3 em gap) twice
that of the plane clectrode. A smaller [0-mm-diam electrode displayed a
further 10% improvement Upto 6 *Kp (108 kV versus 1 7kV)
breakdown voltage was measured with the 20-mm-diam electrode fora
0.1-cmgap This performance reduced to about 1* Kp (440 kV versus

'Puls =43 Hz

— PE5.10°Torr
—— Pt 5107 Torr
Ispark/min

e = — —0.7cm

= — === =), 8em
Kilperrigk -limi+

-—————____—-0_2cm

0 2 4
Fig 6 Breakdown voliage versus pulse length for plane electrodes (7-em-diam
disk) with Kilpatrick limit shown for each gap distance.

[msec)

147kV) fora 1.25-cm gap. Geometry plays an important part in voltages
sustained in an accelerator. Cavity geometry must be carefully selected to
design a systein that will support high rf fields. A compromise between rf
efficiency, beam loading effects. and rf voltage stand-off must be made.

Some accelerator applications have considered the use of Cs 1ons
(heavy ion fusion) or the use of negative 10ns, the latter resulting in a
small background Cs gas from the 10n source for certain source 1vpes.
Figure 7 displays sparking rate as a function of voltage for operation with
and without Cs background gas. A factor of 2 reduction in voltage stand-
off capability was noted for pulse lengths from 0.1 to 0.8 ms. Thas
reduction was presumably from the absorption of low work function (s
vapor on the matal surfaces. Sensitivity of this effect to different partial
pressures of Cs vapor is still to be mmvestigated. Surfaces returned to their
onginal operating charactenistics without Cs after several hours of
vacuum pumping.

Electrodes for measurements listed above were made of solid OF H(
copper. Machiming would be easiet if an alloy such as Cr Cu (99,7 Cu.
0.75% Cr, 0.08% Zr) were selected. Muterial hardness following tempera-
ture cycling (associated with fabrication) would also be better than
OFHC copper. Unfortunately, breakdown measurements showed that € r
Cualloy had a 10% lower voltage stand-ofT capability over a wide range
of duty factors and pulse lengths. If a particular application can tolerate o
10% loss in attairable ficld level, this alloy might be a reasonable choice.

Mass spectrometric measurements showed the typical water compo-
nents (H and OH), hydrocarbon lines, nitrogen, and carbon dioxide.
Hydrogen was the only spectral component that changed noticeably ava
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function of field. Following cavity conditioning (0.5-cm gap with Kp of
60k V), the hydrogen partal pressure increases (factors of 5). seen irom
the 1/310 1 *Kp levels, essentially disappeared. A fully conditioned
cavity displayed an increase of the hydrogen partial pressure byuptoa
factor of § between the 1 and 1.5 * Kp levels and a significant increase
again above 4* Kp—a lot of the latter 2ssociated with arcs.

Preliminan surface examinations followir.g breakdown tests showed
that arcing between surfaces resulted in an erosion of the surface with the
production of about 0. }-mm-diam craters.

University of Mainz

Staffat the University of Mainz hay e been working on a three-stage
microtron to obtain 830-McV cw electron beams for rescarch purposes.
The accelerating structures in each of the microtons (14- and 180-MceV
intermediate stages) and the injector are based on a 2450-MH7z on-anis
coupled linac developed’ at the U niversity of Mainz on the basis of work®
at CRNL. The cw linac had 1o be designed carefully with considerations
of rf efficiency. geometny, higher order mode excitation. cooling. inter-
cavity coupling and fabnication methods. An associated experimentin
collaboration with CRNL was undenaken to determine the limits to
operating the linac under high-power rf condiuions.

Although the hnac (1} ree accelerating cells, two coupling celis) was
operated at maximum surface fields less the 1/3* Kp, glow points were
visible on the noses of the shaped accelerating cells as viewed along the
structure axis. A 1/3* Kp limit was determined .’ based on thermal effects
described below. This operating level corresponded to
1.5 McV/m average accelerating gradieni with arelated power level of
210 kW/m—nheat that had 1o be r :moved from the structure (see Fig. 8).
Best operation of such a biperiocic structure will occur if the stop-band
gap between the two bands of she frequency dispersion spectra remains
relatively small (< 0.02% of operating frequency)overall operaung
conditions.
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Fig. 8. Schematic of on-axis coupled cuvity showing cooling circuits.

Because of unequel heating of the webs (heat from accelerating cell
side. very little from coupling cell side), web mo "ementcanlead toa
significant stop-bund gap. This frequency shiftis related to the high
relutive sensitivity of the coupling cell to on-axis gap changes. Figure 9
shows the stop~band gap as a function of input power for circumferentia;
cooling only (maximum web stress) and for web plus circumferential
cooling. For the latter case, operation to 210 kW/m was acceptable,

Measuremenis of the stop-band gap (by measuring all passhand
modes) as a funcion of power for circumferential cooling only showed
that for powers fess than 70 AW/m the stop-band gap returned to1ts zero
power value alter each cycle. At higher power levels, a permanent
distortion wes introduced. For example. a measured, permanent, (0. 8-
NMiHz stop-band gap v.as introduced after operation to 100 kW, m (cor-
responding 2. S-MHz stop-band gap). This distortion (thermal limit) was
caused by taking some of the web past the copper yield stressand
introducing a permanent deformation. Web cooling allowed one to reach
210kW/m before these effects became imp.ttant,

KEK, Japan High Energy Physics Laboratory

Instudies’ of a 201-MH7 RFQ for accelerating H from 80 keV to
750 ke V. electropolishing of salid copper tesulied 1n good rfconductivity
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Fig. 9. Stop-band frequency gap versus input power
for two coohing situations.

and relatiely high breakdown levels, Cross-sectional views of surfaces
before i nd after polishing showed significant surface-roughness reduc-
tions. Polishing to depths of 25 10 50 um seemed to be optimum, D( tests
of OFHC copper RFQ vane simulation pieces showed thatabout 2.4*
Kp was attainable for no electropolishing, a 25-um polish, a 50-um
polish. and a 100-pm polish.

Different materials (metals and dielectrics) are being invest.gated'' for
performance. with attention to dissolved gases, surface structure. local
heating, multipactoring. grain sizes, voids, and polishing techniques.

Lawrence Berkeley Laboratory

The Bevatron 200-M Hz Alvarez linac injector has been operating
(1 ms. about 2 pps)at about | * Kp for more than 10 years. Recently '* it
was opened for a rebuild. A noticeable amount of copper was lying at the
bottom of the tank in the loca'ion of the first 10 drift tubes, These dnift
tube sutfaces showed a significant amount of pitting or erosion In
addition. multipactor patterns were seen on the outer wall, The sohd-
copper drifl tubes were soft soldered and Ag plated. The Ag plate pecicd
off'v.ithin 2 weeks of initial operation. and the soft solder was erov ¢d out
of the joints, especially from the first few drifl tubes.

Kennedy' has investigated RFQ electrode surfaces by placing cyhin-
drical sumples 0.25 mm from an el=ctropolished stainless steel clectrode
with a 1.3-cm radius of curvature, the system energized in vacuum by 2
60-Hz power source. Electroless Ni surfaces held off voltage about 30%
better than bare stee), which itself was about 20% better than a 0.005-mm
Cu-plated (cyanide copper electroplate) surface. After about 180 sparks.
the 0.005-mm C'u plate eroded so severely that bare steel was ¢x-
posed—determined by a scanning electron microscope examination. A
thicker. 0.08-mm Cu-plated surface showed the same general traits, with
more sparks required to reach the bare-steel backing.

The better pertormance of the electroless Ni surface has been at-
tributed to a small amount of contained P that increa: ed the matenial
mechanical strength. The increase in strength may prevent teanng out off
whiskers and subsequent sparking.

A joint LBL/LLNL two-beam accelerator program' involving a
seven-cell 38-GHy structure (see Fig. 10, based on the SLAC 2r/3 made

.......

Fig 10 Schematic of twa-beam high-gradient 1est structure



design) has attained 1400-MV/m surface fields (about 8 * Kp) for 80 MW
of pulsed input power (10 ns. 1 pps). Surface fimish of the 6.7-mm-diam
structure formed from Cu electrotorming and etch removal of Al rings 1s
excellent at several microinches.

Stanford Linac Accelerator Centre

RF breakdown studies have been nerformed on a seven-cell
2850-MHz structure similar to that of Fig. 10, except that the cavity has
an R.2-cmdiam and operatesin a nstanding wave mode. Surface fields of
300 MV 'm (6 * Kp) were reached ' for operation at 37-MW peak (2 S-ms
pulse. 120 pps). Assoctated with this operation were high radiation fields
on-avs from about 25-m A peak. 10-MeV electrons. Because of the
intense and energetic electrons, structure end plates or windows must be
desigred careful. Fowler-Nordheim plots'* were used to dsplay of
processing. Surtuce electron emission under the influence of strong
elecinic fields can be plott2d. | (electron emission current)/E* (Electnic
field across surfaces). as a function of 1 'E to determine a surface
enhancement tactor P that should improve with conditioning,

In(l'EY) = - ‘{—:_ + In(BR o)
wher= A and B arc constants and 0,15 the surtace area. The factor  can be
determined from the slupe orintercept of this straight hine. Figure 11
shows ty'pical Faraday cup results for the 2856-MHy7 cavity. Lines 1 to 4
showing Jimprovements from 140 to 102 were based on (1) imual
condinonsaftera 250°C bakeout. (2) several weeks of rf conditioning. (3)
argon processingat 107" Pa. and (4) conditioning after argon processing.

|°-Il

LA Ak S B | Y
o
9
L
lo-l)
3
o
S
3
r
& -8
"‘ 10 3 (4)
o 9 July 23, 83
"; [ 81102
i |
"
i 0"
SOF “y
-
>
107"
]
.
|°-l! -y Il U WY

17€,

(1L dYm/My)

Fig 11 Modified Fowler-Nordheim plots for the SLAC disk-loaded structure

Varian

Figure 12 shows Tanabe's' setup for testing different matenals under
controlled condinons with a half-cell coupled-cavity. One of the -GHe
cavity results (4 d-ps pulse at 20 pps) showed attmnment of 250-MV/m
(S * Kpisurface fields for three cavity nose lengths, Peak surface field was
the samie for the three geometries but the beam acceleraung field changed
by more than a fuctor of 2—demonstrating the imporiance of a design
optimization tha* trides 1 efficiency for avadable accelerating field.

Recent measurements in conjunction with STAC for a S:GHz cavaty
showed 450 MV m surface fields (7° Kp) Anomalous eftects were
observed " Jor igh-power operation of 1-GiHz structures st - 197°C, The
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Fig 12, Cross-sectional view of test cavity system

Qenhancement by a factor of 2.7 from room temperature to =197 ¢
observed for loa power operation was lost for higk power operation.
Further studies on ths effect are planned.

Breakdown level was not enhanced from diamond polishing nor from
elecrropolishing of surfaces. was independent of pulse repetit:on rate (70
10 300 pps) and cooling temperature (—1 80 10 40°C’), was the same for
surfaces of stainless steel, aluminum. titanium. sohd OFHC copper and
Cu-plated steel. was notenhanced by Ti coatings. and actually decreased
with Niplaung.

Summary and Conclusions

Significantamounts of information are available on the hmunations to
operating ri'systems at high fields. A better understanding of what s
happening on the surface. in detail. and what improvements are possible
is the impetus for future activities. The observables. such as x-ray and
light emission. have proved to be important diagnostic tools.

A number of ideas explain surface phenomena that limit high field
operation. These include surface heating from ion bombardment. elec-
tron e:nission f.om surface imperfections and vaporizauon eftfects. and
the clump hypothesis leading to transfer of significant amounts of
matenal Clean surfaces, free of impurities and defects. are preferred.
Limitaticns seem to be related to adsorbates, oxides, dust. inclusions,
surface defects, dielectric clumps, and eroded trouble spots. Matenal
choice, and subsequent cleaning techniques during processing and fabri-
cation are important considerations,

Toreduce the problems from eroded locations, one should employ
conditioning procedures that minimize the procGuction of eroded spots
and subsequent enlargement or degrading of the eroded arcas. A proce-
dure that surveys gas evolution ar'd field emission during operation
should be adopted. Attention should be paid to details of the vacuum
system, possible baking. and cieaning with an inert background gas such
as argon. 1t1s an absolute necessity 1o minimize arcing or sparking on the
surfrees. A conditioning technique using both pulsed and cw “peration is
especially effective, as long as the microdischarge rateiske  casonable,

Thermal characteristics and limitations raused by taki _ .natenal
beyond vield stresses should be considered in the design of risystems. An
important aspect is the selection of the cavity geometry and the means of
cooling the rfsurfaces.

Design of rf sytems should minimize the production of x riys and
ultraviolet radiation—if not totally possible, then minimize the impinge-
ment of these radiations on surfaces expenencing high stresses and
surfaces prone to damage from these radiations.

Future activaties will include studies of surface -oatings such as thin
dielectrics or composites, shorter puises to atta.n higher surface fields,
imbedded impunties to study local surfaze ef¥ects, microscopic surtace
invesuigations under high powet rf operation and a detailed studs of the
anamalous cryogenic (hquid nitrogen) effect ut 3000 MH ¢,
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